Osteosarcoma is the most common form of primary bone tumors with high prevalence in children. Survival rates of osteosarcoma are low, especially in the case of metastases. Mouse models of this disease have been very valuable in investigation of mechanisms of tumorigenesis, metastasis, as well as testing possible therapeutic options. In this chapter, we summarize currently available mouse models for osteosarcoma and provide detailed methodology for the isolation of cell lines from genetically engineered mouse models (GEMMs), gene modification and tumor cell injection methods, as well as imaging techniques.
Introduction
Osteosarcoma (OS), the most common form of primary bone cancer, is most often found near the metaphyseal growth plates in long bones of the extremities, such as the distal femur, proximal tibia and proximal humerus. It is a rare malignancy, on average occurring in about 4-5 patients per million per year, but the incidence is increased in children and adolescents, as well as in the elderly. 1 Despite the differences in the origin and aggressiveness of the disease between children and the elderly, in both cases this is a devastating disease with poor outcome.
Current therapeutic strategies for OS consist of a multi-modal regimen using preoperative chemotherapy followed by surgery and then post-operative chemotherapy. 2 OS cells are highly resistant to radiotherapy; thus, this treatment has limited benefits and is not part of the standard treatment. 3 However, it can be used in combination with surgery and chemotherapy in patients with unresectable tumors. 3 Ongoing clinical trials are focused on testing different immunomodulatory strategies, including interferons and viral delivery of granulocyte-macrophage colony-stimulating factor. 3 In addition, small molecules that specifically target intracellular signaling pathways such as the mammalian target of rapamycin (mTOR) and src, as well as bisphosphonates, have been considered as new strategies and novel therapeutic approaches. 3 However, despite improvements in the treatment regimen and an increased number of clinical trials, many of which are nowadays internationally oriented (such as the European and American OS Group, EURAMOS), not much further progress has been made to increase patient survival over the last three decades. As a result, the 5-year overall survival rate has remained stable at B65% in case of local disease, and did not influence survival in case of metastases, present in about onefifth to one quarter of patients at diagnosis, which continue to have a poor 5-year survival rate of about 20%. 4, 5 These facts highlight an urgent need for development of new therapeutic strategies for the treatment of bone sarcomas. Preclinical studies with fast and reliable animal models that closely mimic the human disease would be valuable in achieving this goal.
OS is a disease of mesenchymal cell origin, and malignant cells produce osteoid matrix. Therefore, the cells most implicated in its origin are of the osteoblast lineage. 6 However, there has been recent interest in the cell type(s) along the differentiation pathway from mesenchymal stem cells to differentiated osteoblasts that may also be capable of serving as the cell of origin in OS. Experimental evidence exists to support the possibility that OS may originate from preosteoblasts that have differentiated to a point of commitment toward the osteoblast lineage. 6 However, evidence also exists to support the potential for less differentiated cells, such as mesenchymal stem cells (MSCs), to transform into OS, as well as other sarcoma types.
Currently available mouse models Genetically engineered mouse models. Historically, the first genetically engineered mouse model (GEMM) to display OS is the H2K-fos-tg mouse model, where AP-1 transcription factor c-fos is overexpressed. In this model, the osteoblasts were shown to be the target cells for transformation. 7 Although the tumor histopathology is similar to human osteoblastic OSs, this GEMM does not reproduce the metastatic disease that frequently occurs in humans.
Recently, new GEMMs of OS have been developed based on the knowledge of Li-Fraumeni and retinoblastoma familial predisposition syndromes and the role of p53 and Rb pathways in this disease. Mice with germline mutations of p53 develop OS but also other tumors. Mice with homozygous Rb deletions are embryonic lethal and Rb heterozygotes do not develop OS. The ability to use conditional lineage-restricted alleles has further increased our understanding of the specificity of cell types that generate OS. 8 Mouse models based on deletion of Prx-1-Cre that is active in early limb bud mesenchymal tissue lead to OS but also poorly differentiated soft tissue sarcomas. 9 Use of osterix (Osx-cre), a gene that is actively expressed in more differentiated preosteoblasts, leads to OS with high penetrance that is dependent on p53 mutation and potentiated by loss of Rb. 10 Recent advances in GEMMs have seen the in vivo application of shRNA-based transgenic approaches to suppress, rather than knockout, genes of relevance to osteosarcomagenesis. A theoretical advantage to this approach is the potential for reversibility of gene suppression upon removal of the shRNA, with the ability to study biologic consequences and model pharmacologic intervention. A recent report of this approach in OS demonstrated that p53-directed shRNA driven by Osx-cre produced an osteoblastic subtype of OS in mice with high reproducibility. 11 Interestingly, these tumors lost p53 pathway function during progression and metastasis and were no longer reliant on shRNA suppression of p53.
In addition to these p53-based models, other GEMMs of OS have been reported. Examples include the use of targeted apc:twist double-mutant mice, 12 overexpression of SV40 T antigen in mature osteoblasts using the osteocalcin promoter, 13 upregulation of Hedgehog signaling in osteoblasts crossed to mice with a p53 heterozygous background 14 and conditional expression of the intracellular domain of Notch1 in immature osteoblasts. 15 Collectively, these and future GEMM OS models provide futher insight into human OS genetics and biology.
Models based on cell/tumor grafts. Another approach to model OS in mice is mainly based on the injection of murine (allograft) or human (xenograft) OS cells ( Figure 1) . The advantage of these models is that they are easy to set up, affordable, have a quick onset (tumor development between 1 and 2 months) and are reproducible. Tumor cells can be inoculated into immunocompetent (syngeneic models) or immunocompromised mice (xenogeneic models). The different cell lines used for paratibial and intraosseous models are described in Table 1 . Some studies use subcutaneous injections of OS cells; however, cell grafts or tumor fragment transplantation in orthotopic sites are considered more relevant preclinical models.
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Mouse models of osteosarcoma
Cell/tumour grafts Allografts Xenografts Transgenic Tissue-specific deletion or suppresion of genes Induced GEMMs Preclinical mouse models of osteosarcoma Ö Uluc¸kan et al Radiation/chemically induced OS. Exposure to carcinogens such as radioactive materials has been implicated in OS tumorigenesis. Therefore, several radiation-induced OS mouse models have been developed and utilized for the study of human OS. Murine OS models have been developed using exposure to radioactive substances such as radium, thorium and roentgen. Radioactive heavy metals have also been used for the induction of OS in mice, as these metals tend to incorporate in the ossifying matrix of the bone. In addition, alpha and beta emitters have been shown to successfully induce OS and have been adopted as a model of human radiation carcinogenesis. Most of the chemically induced mice OS models have been developed by injecting different chemical carcinogens directly into the bone. 16 These models are utilized as a representation of the effect of DNA damage in pathogenesis, rather than to recapitulate the etiology of OS. The full references can be found in Supplementary Information.
Preclinical mouse models of osteosarcoma Ö Uluc¸kan et al sedimentation. Some examples of paratibial injections (allografts and xenografts) are used in refs 18,19. *NOTE: To limit soft tissue injuries during paratibial injection, the use of thin wall sterile needles is recommended, like BD Ultra-Fine insulin 0.3 ml syringes (31 G Â 8 mm) for example.
(b.2) Intraosseous injection of OS cells
Anesthetize the animals and shave the legs and decontaminate them with alcohol. Two different approaches can be used to perform intramedullary injections.
1. In the first method:
a. Make a 0.5 cm skin incision just below the knee joint to expose the tibia tuberosity. b. Inject cells into the intramedullary cavity of the tibia with a 26-28 G syringe and suture the skin.
2. In the second option:
a. Pre-drill an axial hole with a 21-26 G needle in the tibial plateau or femoral condyles through the medullary cavity to allow the access for the Hamilton needle containing the cells. *NOTE: Compared with the first approach, the second one is less invasive, and the mice recover quickly after the injection. *NOTE: It is highly recommended to check correct positioning of the drilling needle inside the metaphyseal area with an X-ray monitoring system (for example, faxitron) before proceeding with tumor cell injection. *NOTE: For both models, cells can be resuspended in a Matrigel solution (around 4 mg ml À 1 ), but the injection should be quick and the needle should be kept on ice, as it solidifies at 37 1C. *NOTE: Tumor growth is relatively slow as the tumor has first to invade medullary and cortical bone before reaching soft tissues and becoming measurable. Intraosseous injections are considered closer to the clinical reality but are frequently associated with an acute inflammation and the induction of venous emboli, with the immediate dissemination of tumor cells in the bloodstream. Venous emboli can in part be prevented by slow extraction of the injection needle directly after injection and by lowering the amount of injected cells. *NOTE: Because some (aggressive, bone lytic) OS models are often associated with the occurrence of bone-associated pain during tumor development, analgesia must be applied--for example, daily injections of temgesic 0. *NOTE: One example of transplantation is described by Lamoureux et al. 22 where POS-1 cells were first inoculated in the hind footpad of mice. When tumors are developed, 2 Â 2 Â 2 mm 3 fragments were excised and transplanted along the tibia in other mice. *NOTE: This model requires a higher number of mice compared with the other methods due its lower rate of graft success and proliferative parts of OS tissue need to be transplanted, whereas the necrotic tissue has to be discarded. Thus, this model is more difficult to set up and has high variability. The main advantage of transplantation compared with injection models is to keep the cells in their microenvironment and to limit dissemination into the bloodstream.
(3) Imaging techniques
Many imaging techniques can be used to visualize osteosarcomas. Some examples are two-dimensional simple X-ray or more sophisticated three-dimensional microcomputed tomography (microCT) techniques. In this chapter, we will be describing in vivo bioluminescent imaging, which requires tumor cells to be labeled with firefly luciferase. The appropriate technique should be chosen depending on the objective of the study.
In vivo imaging system. Bioluminescence is a well-established technique commonly utilized to track tumor growth and to locate and monitor the presence of metastases in living animals. In vivo imaging system (IVIS, Xenogen/Perkin-Elmer, Hopkinton, MA, USA) is a highly sensitive in vivo imaging technology utilized to quantify bioluminescence via a digital camera and advanced computer software. This system detects photons emitted from luciferase-expressing cells in living animals 23 and is primarily used to monitor primary tumor growth. Although it can also be utilized to monitor established lung metastases, a more sensitive technique for imaging small/early metastases would be in vivo lung microCT imaging, which is not described here because of space limitations. ) into the intraperitoneal cavity or subcutaneously above the neck. *NOTE: In this protocol, i.p. or subcutaneously injection of D-luciferin is suggested because of its ease to perform. However, if injection is not properly performed, variability in expression can occur. A method to validate the quality of the injection is to utilize preformulated D-luciferin fluorescent substrates such as Rediject D-luciferin (Perkin-Elmer, Waltham, MA, USA). Alternatively, i.v. injection is also possible and provides higher signal strength. 25 However, in this case, the luciferase signal will develop much faster and care must be taken to image the mouse rapidly after injection. 6. Record D-luciferin time of injection. 7. Anesthetize mice with isofluorane/oxygen and place the animal in the imaging chamber. *NOTE: During bioluminescene imaging, mice are usually anesthetized with isoflurane. However, it is important to recognize that it has been reported to decrease the luciferase activity in some cases. 26 In case of an expected low luciferase signal, ketamine-based anesthesia should be considered. 8. Initialize the 'Living Image' software provided by the manufacturer (Xenogen/Perkin-Elmer). 9. Set exposure time and imaging parameters. 10. Take the first image B8-12 min after D-luciferin injection.
*NOTE: It is recommended to perform an initial kinetic experiment for each animal model taking images during different time points. This will allow you to determine the Dluciferin distribution for your experiment. Analyze and quantify the photons emitted from luciferaselabeled cells within the animal according to the manufacturer's protocol (Xenogen/Perkin-Elmer).
Conclusions
In this chapter, we have summarized the currently available GEMMs for OS and provided methods for isolation of cell lines from available models, modification, injection/transplantation of these cell lines and imaging techniques. Mouse models have immense value for the study of complex diseases; however, it should not be forgotten that these methods have their limitations. For example, phenotypic drift of cell lines frequently occurs in laboratories. In addition, as some of these cell lines are derived from already established tumors from patients, they are not suitable for the investigation of tumor initiation. Investigators should choose the models best suited for their studies according to their question of interest, always paying attention to possible concerns such as the use of proper controls (in certain cases mice carrying Cre transgenes have been observed to have phenotypes), environmental changes between different animal facilities, the use of correct breeding strategies and possible changes in phenotypes over time.
